The regeneration of activated carbons used for the decontamination of water and wastewater polluted with organic compounds related to the pharmaceutical industry, has been studied in this work. To this end, the pyrolysis of exhausted activated carbons was performed in a quartz reactor. The influence of the pyrolysis of saturated activated carbons on their adsorptive capacities and porous structure was evaluated. Textural characterisation of the samples was carried out by helium density, and N 2 and CO 2 adsorption isotherms, at -196 and 0 ºC, respectively. Consecutive cycles of pyrolysis of activated carbons exhausted with phenol and salicylic acid, generated a widening of the microporosity, and a decrease in the apparent BET surface areas. The adsorptive capacities for phenol retention after a series of adsorption/pyrolysis cycles were found to decrease drastically. In contrast, consecutive cycles gave higher salicylic acid adsorptive capacities, as compared to phenol. The DTG pyrolysis profiles of the samples saturated with salicylic acid appeared at lower temperatures than those of phenol, which showed two peaks, while those exhausted with salicylic acid only showed one. These results provide evidence of the different adsorption mechanisms of these two pollutants.
INTRODUCTION
Until now, the active ingredients of pharmaceutical products have received little attention from the scientific community in spite of their extensive use all over the world. Growing concern is now emerging due to the presence of pharmaceutical residues in water and wastewater. This is understandable given the risk they pose to the environment and to human health [1] . Interest has been mainly focused on veterinary antibiotics but recent studies also report the presence of residues of human pharmaceuticals in wastewater and the aquatic environment. Information on the environmental hazard of the majority of pharmaceuticals is scarce, and hence, the possible adverse impact of these residues is uncertain.
Activated carbons (AC) are widely used for decontamination processes such as the purification of drinking water [2] , wastewater treatment [3, 4] , and emissions control [5] , as harmful pollutants present a high affinity for the porous surface of carbonaceous adsorbents [6] [7] [8] . In the processing of chemicals, pharmaceuticals and their intermediates, AC are also used for purification and recovery [9] . The treatment of the polluted effluents with AC prevents the deposition of contaminants and enables valuable products to be recycled to the manufacturing process. Treatment of industrial wastewater is increasing in industrialising countries and so the need to reuse water and reduce effluent pollution is greater.
The adsorption capacity of a given AC depends on several factors including its textural and chemical structure. However, despite its high surface area, it becomes saturated after sustained use. Formerly, when an AC reached its saturation limit, it was simply discarded, generating a secondary source of pollution. However, the spent AC has to be considered a hazardous waste in itself, and so it requires special treatment. The increasing concern regarding the effect of pollutants on the environment, along with the more restrictive environmental regulations introduced in recent years has motivated companies to develop methods for regenerating and reusing saturated activated carbon. The regeneration of AC is crucial for ensuring that the adsorption process becomes economically attractive [10] . Over the years, a variety of regeneration techniques have been applied [11] [12] [13] [14] . The most extensively used technique is thermal regeneration. Steam or an inert atmosphere are sometimes used to destroy organic contaminants and recycle the carbon for reuse.
Although much effort has already been directed towards methods of regenerating AC [11] [12] [13] [14] [15] [16] [17] the role of the nature of the adsorbate and the characteristics of the adsorbent in the desorption process still need to be elucidated. The aim of this work was to study the effect of the pyrolysis of saturated AC on their adsorptive capacities for the retention of organic compounds related to the pharmaceutical industry and on the porous structure of the AC. The object chosen for this study was a high-volume pharmaceutical common metabolite: salicylic acid, which is the primary hydrolytic metabolite of acetylsalicylic acid. The removal of phenol was also investigated and compared to that of salicylic acid, as both of these products are present in wastewater as a consequence of the industrial production of a common analgesic. This information will be useful for future applications of AC in industrial processes and in the area of the thermal desorption of phenol and related compounds.
EXPERIMENTAL
Q is a commercial AC obtained by physical coal activation with steam. The as-received sample was ground and a particle size fraction of 0.075-0.212 mm was used for the studies. Prior to use, the carbon was washed several times with deionised water. Afterwards it was dried in an oven at 110 ºC for 2 days and stored in a desiccator until used.
Textural characterisation was carried out by measuring helium density, and N 2 and CO 2 adsorption isotherms, at -196 and 0 ºC, respectively, in an automatic apparatus (Micromeritics ASAP 2010 M).
The surface areas and microporosity were calculated from the physical adsorption of N 2 using the BET and the Dubinin-Radushkevich equations, respectively [18] . The distribution of pores smaller than 0.7 nm (narrow microporosity) was assessed from CO 2 adsorption at 0 ºC [19] .
Rapid small-scale column tests (RSSCT) were used as a feasible and less time-consuming procedure for the evaluation of the adsorptive capacity of pollutants [20] . The tests were performed at 30ºC.
Breakthrough curves were obtained using 10 cm length stainless steel columns with an internal diameter of 1.5 cm, packed with 5 g of AC. All the experiments were conducted with an initial concentration of 2 g l -1 of pollutant, at a flow rate of 4 ml/min. After the columns had been loaded, the carbons were soaked in deionised water for 2 hours. The outlet concentration was continuously monitored by a UV-VIS spectrophotometer set to the corresponding wavelength. The adsorptive capacities were obtained by integrating over the entire breakthrough curve.
After the saturation limit was reached, the exhausted AC were washed with distilled water for 2 hours, and dried overnight in an oven at 110 ºC. Afterwards, they were pyrolysed in a quartz reactor at 850 ºC, under a nitrogen flow rate of 10 ml min -1 . The inert atmosphere was also maintained during the heating up and cooling-down intervals. The furnace was preheated and maintained at the temperature of regeneration. Samples will be denoted as CiRi (Ci being the cycles of saturation and Ri the number of regenerations), followed by a reference to the pollutant (ph for phenol and sa for salicylic acid). The effect of the temperature was also evaluated in the absence of the adsorbate.
Therefore, the AC was initially pyrolysed in the absence of the adsorbate; the sample will be denoted as QN.
Pyrolysis tests were also performed in a TGA92 thermogravimetric analyser from Setaram (TG) under an argon flow rate of 50 ml min -1 , at a heating rate of 5 ºC min -1 up to a final temperature of 850 ºC. In this way, the evolution of the rate of mass loss with temperature for the samples studied was obtained.
RESULTS AND DISCUSSION
The influence of the thermal treatment on the porous structure of the selected AC in the absence of the adsorbate was studied. Table 1 shows the main textural parameters of the samples. The helium density of the AC decreased slightly after pyrolysis in the absence of the adsorbate (QN). This suggests that the thermal treatment itself modifies the structure of the AC, producing a denser material than the parent sample. Compared to the as-received sample, Q, a slight decrease in the adsorbed volume of the N 2 isotherm was observed for QN, especially at high relative pressures. The apparent BET surface area fell by 11 % (cf. Table 1 ) and a significant decrease in the microporosity of the sample was also observed. Figure 1 shows the DTG pyrolysis profiles of the parent sample, Q, after saturation with salicylic acid and phenol. It can be seen in this figure that the pyrolysis profiles of the adsorbates show significant differences. From these profiles the temperature range of thermal desorption can be estimated. In the case of the sample previously saturated with phenol, two peaks at 220 and 400 ºC were observed, whereas only one peak at low temperature appeared in the case of the sample exhausted with salicylic acid. These results throw some light on the nature of the forces involved in the process of adsorption of the two compounds, suggesting that adsorption occurs via different pathways.
In the case of the samples exhausted with phenol, from the results presented in Figure 1 it can be deduced that the desorption process occurs in two distinct and successive steps. The first weight loss step is associated with the evolution of physisorbed phenol molecules that are trapped in the pore structure of the AC. This is followed by a second step, between 300 and 500 ºC, which corresponds to the evolution of the chemisorbed fraction, in the form of light gases and heavy products. Thus, in the case of phenol adsorption, pyrolysis features revealed two binding states, a physisorbed state, which desorbed at 220 °C, and a chemisorbed state, which desorbed at 400 °C. This is in agreement with the results of other authors on the regeneration of activated carbons saturated with phenol [7, [21] [22] [23] .
In contrast, the evolution profile of the sample saturated with salicylic acid shows a peak centred at around 260 ºC, indicating that the desorption of salicylic acid occurs at low temperature, in only one step. This shows that the uptake of this compound proceeds via a single mechanism of adsorption. The low temperature peak of the salicylic acid pyrolysis profile indicates that this compound exhibits a physisorption feature.
In the case of phenol, higher temperatures are needed for its desorption. Consequently, it can be inferred that phenol is retained on the activated carbon by forces of a stronger nature than those involved in salicylic acid adsorption. This result corroborates the premise supported in previous studies that physisorption is the main mechanism of adsorption of salicylic acid on activated carbon [24, 25] .
The N 2 adsorption isotherms at -196 ºC of the samples after successive cycles of pyrolysis were all type I on the BDDT classification [26] , which indicates that they are mainly microporous adsorbents (cf. Figure 2 ). The desorption isotherms were roughly reversible, which is indicative of a slight development of mesoporosity. The isotherms of the pyrolysed samples kept roughly the same shape as those of the as-received AC, pointing to a steady and relatively homogeneous destruction of the porosity. It is also worth noting that the slope of the N 2 isotherms decreased substantially with the successive cycles of regeneration for both adsorbates. This trend, however, was more evident in the case of the samples previously saturated with phenol.
The corresponding parameters of the BET and the DR equations of the pyrolysed samples from the N 2 adsorption isotherms are recorded in Table 1 . It was found that the apparent BET surface area decreased with the number of regeneration cycles, this reduction being specially significant when the AC was saturated with phenol. After the first pyrolysis cycle for the AC exhausted with phenol, the BET area decreased by approximately 28 %, in comparison with Q. Consecutive of uptake/pyrolysis cycles led to a continuous and sharp fall of as much as 86 % after six cycles. These results are proof that the adsorbate was only partially desorbed during pyrolysis. As a consequence of this partial compound removal, the porous structure of the sample seems to remain blocked and hence the apparent BET surface area is decreased. This decrease was also observed for the micropore volume, W o . Concerning accessible pore width, L, calculated from the Stoeckli-Ballerini equation [27] , it can be clearly seen that the microporosity broadens with the pyrolysis of exhausted activated carbons (cf. Table 1 ).
As opposed to the behaviour of phenol, textural changes are less important in the samples previously saturated with salicylic acid. After the first cycle (QC1R1 sa), the diminution of the apparent BET surface area was 13 %, which is much lower than the 28 % observed for the samples saturated with phenol. After 6 cycles, this value was reduced by up to 50 %. It is also significant that the microporosity of the samples widened after several cycles (QC6R6 sa), which is confirmed by the increase in L values and the corresponding decrease in E o (cf. Figure 3 shows the evolution of the micropore size distribution over successive pyrolysis cycles, in accordance with the Horvath-Kawazoe method [28] , which was applied to the nitrogen adsorption isotherms. It can be observed that sample Q presents one peak centred at around 0.6 nm and a shoulder at 0.7 nm, which is an indicative of a narrow microporosity. For the saturation with phenol, the intensity of the peak at 0.6 nm decreases abruptly with the cycles, and almost disappears after 3 steps.
The results also show that the higher the number of cycles, the wider the micropore size distribution.
For saturation with salicylic acid, the decrease in the height of the maximum at 0.7 nm is more gradual, suggesting that the microporosity has widened to a lesser extent.
The adsorption isotherms of CO 2 at 0 ºC for the samples are presented in Figure 4 . The DubininRaduskevich [18] equation was also applied to the CO 2 adsorption isotherms, 0.36 being used as the β parameter [29] . The values of the textural parameters are presented in Table 2 . It can be observed that the adsorption of CO 2 decreases over the regeneration cycles for both adsorbates. In the case of phenol, the narrow micropore volume, W 0 , decreases steadily from 0.212 cm 3 g -1 for Q to 0.108 for QC6R6 ph (cf. Table 2 ). As discussed above, the accessible pore width, L, calculated from the N 2 adsorption data shows a clear broadening of microporosity with the pyrolysis cycles (cf. Table 1 ). As the micropore width increases, the volume of CO 2 diminishes, because the larger pores cannot be filled at the low relative pressures at which the adsorption of CO 2 is measured. Consequently, the narrow microporosity (W o , evaluated from CO 2 ) of the pyrolysed samples decreases.
The decrease in the CO 2 adsorbed is more evident when the AC is saturated with phenol. This could be indicative of an obstruction of the fine microporous structure of the AC, which suggests that a fraction of the products formed from phenol thermal decomposition remain partially retained in the inner pores of the adsorbent after heating at 850 ºC, while salicylic acid is readily desorbed. These findings are in good agreement with the micropore size distribution obtained from the nitrogen adsorption isotherms shown in Figure 3 .
A detailed view of the changes in porosity is presented in Figure 5 , where the micropore and narrow micropore volumes -evaluated from N 2 and CO 2 adsorption data, respectively-are plotted vs. the pyrolysis cycles. In all cases, greater changes are observed in the samples exhausted with phenol; the pyrolysis of samples saturated with salicylic acid results in a better preservation of the porous structure of the activated carbons. Concerning narrow microporosity, a slow and gradual fall is observed due to the successive cycles of pyrolysis, while the evolution is sharper and more abrupt for microporosity.
The fact that the narrow micropore volume also decreases with the pyrolysis cycles, evidences that adsorption not only takes place in the microporous pattern of the activated carbons but also, although to a lesser extent, in the narrow micropores. This slight reduction in narrow micropore volume suggests that desorption of both adsorbates is easier from the narrow micropores than when the adsorption takes place in pores larger than 0.7 nm.
The progressive reduction of the microporosity of the pyrolysed samples points to an incomplete desorption of the compounds retained. As a result of the partial removal of the products deposited within the pore system of the activated carbons during pyrolysis, a gradual blocking of the porous structure occurs.
The extent of the products deposited within the pore system of the AC will depend on the nature of the forces involved in the process of adsorption of each compound. Although in both cases the porosity of the adsorbent is gradually altered during the regeneration cycles the induced changes are less pronounced when the carbon is previously saturated with salicylic acid.
Desorption of phenol at low temperature is most likely due to the evolution of the physisorbed fraction on the AC. At high temperatures, the chemisorbed fraction -whose bonds are of a high energyevolves. During the regeneration, the desorbed phenol decomposes due to the high temperature of the treatment, so that sub-products of the phenol decomposition remain inside the porous structure of the AC [30] . The carbonaceous residue deposited on the AC obstructs the porous structure of the adsorbent. Hence, the pores, although not effectively occupied by adsorbate, cannot be penetrated by nitrogen molecules and consequently there is a decrease in the apparent BET surface area and a widening of the microporosity.
On the other hand, the textural characteristics of the samples saturated with salicylic acid are preserved more effectively than those of the samples exhausted with phenol. This might be explained in terms of the weaker nature of the forces involved in the process of adsorption (compared to phenol uptake), as can be inferred from the pyrolysis profile. Desorption of salicylic acid proceeds in a single peak profile at low temperature, indicating that the forces are of a weaker nature than those related with phenol adsorption. This suggests that the desorption of the former compound proceeds more readily than the desorption of phenol.
Thus, it seems that fewer carbonaceous residues are deposited on the internal structure of the samples saturated with salicylic acid. Consequently, the decrease in surface area and the widening of microporosity occurs to a lesser extent than in the case of phenol (cf. Table 1 -2).
In fact, the experimental data confirm the importance of the porous structure of the carbon material in the adsorption of this compound, as opposed to phenol adsorption. The adsorption of salicylic acid is thought to be related to the porous structure of the AC rather than to the surface chemistry. This being the case, desorption of this organic compound can be expected to occur more readily. Most of the salicylic acid is physically adsorbed, so that the forces involved in this process are of a weak nature.
Consequently desorption occurs to a greater extent. This premise is corroborated by the textural characteristics of the pyrolysed samples and by the pyrolysis experiments ( Figure 1 ) and is further confirmation that the adsorptive capacities for salicylic acid retention are greater after several regeneration cycles, as compared to phenol uptake.
The results for the loading capacity of the parent and the pyrolysed samples are presented in Table 3 .
In general, a substantial decrease was observed after successive regeneration cycles. However, phenol and salicylic acid retention present different behaviours.
Interestingly, a slight increase in the uptake of both compounds was observed when the activated carbon was treated under the same pyrolysis conditions in absence of the adsorbate (QN sample).
Thermal treatment of the parent activated carbon, Q, eliminates the oxygenated surface functional groups. Consequently, the π-electron density of the graphene layers of the activated carbons increases, as do the dispersive interactions between the phenol and the π-electron density of the carbon [31] .
Accordingly, there is an increase in the chemisorption contribution to the overall loading capacity of phenol. On the other hand, previous findings have shown that changes in the surface chemistry of the AC do not alter the salicylic acid uptake [24, 25] , so that the slight increase in this case could be due to cleaning effect at the entrance to the pores as a consequence of the thermal treatment on the carbon surface.
Phenol uptake decreased promptly with the pyrolysis cycles, compared to the adsorption capacity of the parent sample, Q. The reduction in the adsorptive capacity rose from 30 % after the second cycle to 83 % after the sixth cycle. The almost negligible adsorptive capacities of the highly pyrolysed samples are most likely due to the lack of a solid porous structure in these samples. This decrease is in agreement with the partial desorption of phenol molecules that is suggested by the textural changes observed in the regenerated samples.
In contrast, the adsorptive capacities of the AC after several regeneration cycles were found to be greater in the case of salicylic acid retention, compared to phenol uptake. There is a steady decrease 8 porous lattice of the sample. Consequently, the adsorptive capacities for phenol retention after subsequent adsorption/pyrolysis cycles were found to decrease significantly.
In contrast, the DTG evolution profile of the sample saturated with salicylic acid, along with the minor textural changes induced in the pyrolysed samples confirms physisorption as the main mechanism of adsorption of salicylic acid on the activated carbon. The low temperature of salicylic acid desorption obtained in the pyrolysis profiles indicates that this compound is retained by forces of a weaker nature.
Salicylic acid seems to be desorbed with greater facility than that of phenol, contributing to a greater preservation of the porous structure of the pyrolysed samples. Consequently, consecutive cycles give rise to higher adsorptive capacities. The results confirm that salicylic acid uptake depends on the texture of the activated carbon, rather than on the surface chemistry. narrow microporosity microporosity / /
